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Figure  A.l  Column  displacement  In  north  side  of  Shot  7  crater. 
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Figure  A. 2  Column  displacement  In  south  side  of  Shot  7  crster. 
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ABSTRACT 


Vertical  shafts  of  colored  sand  were  placed  al^  •  one  diameter 
through  ground  sero  on  Shot  7  to  give  a  permanent  record  of  the  trie 
crater.  Measurement  of  the  physical  characteristics  of  the  apparent 
ciater  and  lip,  and  the  true  crater  Were  made. 

The  nuclear  data  obtained  from  Operation  JANGLE  surface  and 
underground  shots  and  TEAPOT  Shot  7  were  correlated  with  previous 
high  explosive  (HL)  test  results.  Scaled  curves  of  dimensions  versus 
depth  of  burial  with  correlation  between  HE  and  nuclear  bursts  were 
developed  for  the  Nevada  Teat  Site  soil  os  well  as  for  several  other 
soil  types  for  which  reliable  HE  data  are  available. 


Particular  attention  was  given  to  the  definition  of  the  terms 
apparent  and  true  craters,  in  light  of  their  meaning  being  based  on 
the  movement  of  the  soil,  as  depicted  by  the  colored  sand  eoltsans.  A 
brief  examination  is  made  of  the  effects  of  energy  density  on  the  TNT 
equivalence  of  underground  nuclear  bursts.  The  charge  emplacement 
configuration  can  play  a  significant  role  in  determining  the  T22T 
equivalence  of  a  particular  burst. 
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FOREWORD 


This  report  presents  the  final  results  of  one  of  the  56  projects  compris¬ 
ing  the  Military  Effects  Program  of  Operation  Teapot,  which  1  included  14 
test  detonations  at  the  Nevada  Test  Site  in  1955* 

For  overall  Teapot  military- affects  information,  the  reader  is  re¬ 
ferred  to  "Summary  Report  of  the  Technical  Director,  Military  Effects 
Program,"  UT-1153,  which  includes  the  following:  (1)  a  description  of 
each  detonation  including  yield,  zero-point  environment .  ♦.-;)*  of  device, 
ambient  atmospheric  conditions,  etc.;  (2)  a  discussion  of  j-^ct  results 
(3)  a  eusaary  of  the  objectives  and  results  of  each  project;  ad  (4)  a 
listing  of  project  reports  for  the  Military  Effects  Program 


PREFACE 

The  original,  ideas  for  the  use  of  colored  sand  columns  for  measure¬ 
ment  of  cratering  effects  were  conceived  by  Beauregard  Perkins,  Jr., 
Ballistics  Research  Laboratories .  The  author  is  greatly  Indebted  to 
Mr.  Perkins  for  his  consultation  and  assistance  during  the  planning  and 
operational  phases  of  both  the  HE  sad  nuclear  portions  of  the  test  and 
in  the  interpretation  of  the  drta  obtained. 

The  assistance  of  the  following  people  is  gratefully  ackur/1 
by  the  author:  (l)  CUR.  V.  K.  He  Lei  Ian,  Lt.  Col.  j.  0.  Jafc.s,  *ssjor 
H.  T.  Bingham,  LCDR.  Fred  Clark  of  Programs  Section;  Lt.  <*?;  J. 

Haley  and  staff.  Requirements  Section;  and  the  staff  of  the  Directorate 
of  Weapons  Effects  Tests,  Field  Command,  AFSWP;  (2)  Cm.pt* R  Labiate 
and  Captain  V.  Gay*  and  staffs  of  the  Nevada  Test  Site  Dstm  Wrrt; 

(3)  the  persoo^el  of  the  Stanford  Research  Institute  field  group,  u  ier 
L.  N.  Swift;  (k)  Lt.  Col.  John  Pickering,  trn*.  V.  J.  Christiansen,  and 
Lt.  B.  S.  Merrill,  Blast  Branch,  AFSWP;  (?)  Prts  li.  C.  Essie  and 
Vllliam  Murphy  of  the  Ballistics  Research  Laboratory;  and  (6)  Colonel 
S.  F.  JOinke,  Major  R.  A.  Bertram,  Dr.  T.  G.  Walsh,  Captain  R.  C.  Uexaon, 
F.  A.  Pieper,  Owen  Richmond,  J.  V.  Balbrook,  Lt.  B.  A.  Homer,  rrta. 

H.  P.  Jokerst,  Warren  Mils,  and  J.  S.  Thy  lor,  and  Pfc.  Llomal  Stein,  all 
of  the  Engineer  Research  and  Development  laboratories. 
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Chapter  I 

INTRODUCTION 

1.1  OBJECTIVE 

The  objective  of  this  project  war  to  determine  physical 
characteristics  of  the  crater  and  lip  formed  by  the  drier ground  explo¬ 
sion  of  a  nuclear  device.  These  crater  characteristic are  utilized 
in  establishing  empirical  scaling  curves  for  the  cratering  effects 
from  underground  bursts.  The  curves  apply  to  soil  editions  found 
at  the  Nevada  Test  Site  (NTS)  and  were  obtained  by  interpolation 
between  JANGLE  surface  shot  (3),  JANGLE  underground  shot  (u),  TEAPOT 
Shot  7;  and  extrapolation  from  high  explosives  (HE).  In  addition,  an 
effort  is  made  to  construct  nuclear  cratering  curves  for  other  soil 
types  for  which  reliable  and  applicable  HE  data  are  available. 

Correlation  between  nuclear  weapons  and  HE  cratering  phenomena 
is  desired  for  various  scale  depths  of  bur id  for  the  particular  soil 
conditions  at  NTS.  One  of  the  important  factors  in  interpreting  the 
results  of  a  crater  measurement  test  is  the  problem  of  definition  of 
the  various  crater  characteristics.  Therefore,  a  further  objective 
of  this  project  was  to  define  ouch  variables  as  apparent  crater  and 
true  crater  for  the  Nevada  soil,  in  order  to  make  the  results  of  the 
nuclear  experiment  more  easily  interpreted. 


1.2  BACKGROUND 

Two  nuclear  devices  of  1.2-kt  yield,  one  a  near  but  ice  burst 
(3-5  fe^t  above  the  surface)  and  the  other  an  u^T^iound  burst  (17 
feet  depth  of  burial),  were  detonated  at  JANGLE  in  1951-  Only  measure¬ 
ments  of  the  apparent  craters  were  obtained  at  this  ucsl  because  no 
provision  had  been  made  for  permanent  instrumentation  to  allow  the 
measurement  or  the  true  crater  after  decay  of  the  residual  ac-ivity. 
After  a  time  lapse,  sufficient  to  reduce  the  ’■•Nation  hazard,  accurate 
measurement  of  the  true  crater  dimensions  was  Impossible,  since  during 
the  waiting  period  the  area  was  exposed  to  the  elements  which  caused 
the  surface  soil  to  be  blown  about  by  the  wind  and  consolidated  by 
rain  and  snow.  (Reference  l). 

A  distinction  between  the  meaning  of  the  terms  apparent  crater 
and  true  crater  as  Intended  in  this  report  is  warranted.  In  Figure 
1.1,  a  typical  crater  formed  by  the  detonation  of  an  explore  under¬ 
ground  is  shown.  The  line  labeled  apparent  crater  denotes  the  crater 
which  remains  aicei  all  ejected  material  has  fallen  back  to  eartn. 

CONFIDENTIAL 

FORMERLY  RESTRICTED  DATA 


The  true  crater  is  defined  as  the  volune  bounded  by  that  surface  which 
generally  lies  at  some  greater  depth  than  the  apparent  crater,  and 
which  represents  the  limiting  distance  from  the  explosion  at  which  the 
material  originally  composing  the  crater  was  completely  disassociated 
from  the  underlying  material. 

The  true  crater  dimension  is  the  one  which  should  receive  the 
closest  attention  with  regard  to  scaling  of  effects  and  partition  of 
energy  —  the  apparent  crater  is  too  easily  affected  by  such  factors 


Figure  1.1  Profile  of  craters  from  an  underground  ex¬ 
plosion. 

as  surface  viDd  conditions  and  angle  of  repose  of  the  diatrubed  soil. 
In  addition,  the  rupture  zones  are  too  difficult  to  measure  in  most 
soil  types.  Rupture  zones  are  quite  easily  measured  in  high-clay- 
content  soils,  but  are  almost  impossible  to  define  in  sandy  soils. 

In  order  to  give  more  confidence  to  the  experimental  technique 
used  in  Project  1.6  for  determining  the  true  crater  measurements  and 
also  to  define  this  true  crater  in  WTS  soil,  an  HE  test  van  conducted 
at  WTS  during  the  fall  of  1951**  The  results  of  this  test  art  riven  in 
Chapter  2. 
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Chapter  2 

PRETEST  HIGH  EXPLOSIVES  PROGRAM 

2.1  THEORY 

The  field  of  underground  explosion  effects  has  had  to  be  approched 
from  the  empirical  point  of  viev  in  order  to  achieve  any  semblance  of 
understanding.  The  factor  contributing  most  to  t\Y ~  situation  is  the 
earth  itself,  which  by  the  very  nature  of  its  extreme  ^on-homogeneity 
makes  mathematical  models  and  equations  of  state  difxlcult  to  estab¬ 
lish.  The  lack  of  suitable  ground-shock  instmnentK  cn  has  retarded 
the  determination  of  paramenters  influencing  the  phenomena;  this  in 
turn  has  retarded  the  development  of  a  suitable  thtc-y. 

The  earth  lends  itself  to  one  form  of  measurement,  cratering, 
which  air  and  water  do  not,  that  has  been  valuable  for  study.  When  the 
earth  is  ruptured  by  an  explosion,  a  record  of  rearranged,  pulverised, 
sheared,  and  even  fuzed  earth  is  left  behind  which  can  be  empirically 
studied  while  the  development  of  transient  effects  measurements  is 
advancing.  Measurements  ha/e  been  made  of  the  apparent  crater,  that 
crater  existing  after  all  fallback,  as  the  basis  for  criteria  of  damage. 
The  variables  of  the  apparent  crater  are:  diameter  at  original  ground 
level,  depth,  lip  diameter,  lip  height,  and  volune .  In  some  instances, 
attempts  have  also  been  made  to  measure  the  true  crater  dimensions 
either  by  probing  with  rods  or  by  excavating  a  vertical  cross  section 
to  find  undisturbed  material.  The  Ballistic  Research  Laboratories 
(BRL)  has  experimented  successfully  in  sand  and  clay  using  vertical 
columns  of  colored  sand  to  give  permanent  records  of  displacements  and 
shear.  These  results  were  from  very  small  HE  charges  ar*i  e.re  reported 
in  Reference  2. 

The  BRL  technique  showed  great  premise  as  a  mess'  if  obtaining  a 
vertical  cross  section  of  a  crater  below  anu  beyond  the  apparent  crater, 
and  in  giving  indications  of  the  extent  of  the  material  mov~*ent  in  the 
regions  ranging  from  complete  sfcsar  and  ejection  to  no  spear  and  minor 
displacement.  It  also  Indicated  the  rechanism  of  lip  format' on,  fivlng 
impetus  to  forming  a  tangible  definition  of  the  true  crater  and  to 
extrapolating  such  a  definition  to  the  nuclear  case  and  other  soil 
types  as  a  means  of  understanding  the  partition  of  energy  of  undergo und 
explosions.  The  true  crater  appears  to  be  a  more  logical  parameter 
for  energy  determination,  principally  because  it  is  not  affected  as 
much  as  the  apparent  crater  by  the  post-explosion  phenomena  of  fall¬ 
back,  fall  cut,  angle  of  repose  of  the  disturbed  earth,  and  .flete'rolo- 
cal  conditions. 

The  term  energy  partition  is  discussed  briefly  here  to  avoid 
confusion  in  terminology.  When  a  high-energy  source  is  suddenly  formed 
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by  the  detonation  of  a  charge,  a  volume  approximately  the  size  of  the 
charge  and  containing  this  total  energy  can  be  said  to  exist  for  an 
instant  aftc;  detonation.  The  amount  of  energy  released  per  unit 
weight  of  explosive  is  the  energy  density  of  the  explosive.  The  term 
energy  density  is  often  used  to  describe  high  explosives  according  to 
their  brisance  or  shattering  power  as  distinguished  from  their  total 
work  capability.  Brisance  in  high  explosives  is  dependent  upon  the 
suddenness  with  which  the  gaseous  products  of  an  explosion  are  liberated, 
and  the  rate  of  detonation  is  at  least  a  major  factor  ir.  determining 
brisance.  A  new  definition  of  energy  density  is  required  when  describ¬ 
ing  the  thermodynamic  and  hydrodynamic  states  of  a  nuclear  explosion 
from  its  time  of  detonation  until  the  transfer  of  its  energy  to  the 
surrounding  medium  becomes  faster  by  shock  th^r.  by  radla*’4  on  —  the 
end  of  radiative  transport.  This  is  ener^-  density  in  oer.is  of  energy 
per  unit  volume.  Throughout  the  remainder  of  this  repor  unis  latter 
definition  of  energy  density  will  be  used  unlees  stated  ."herwise. 

Since  the  gasball  of  a  high  explosive  charge  is  rib4  :\aed  by  chem¬ 
ical  decomposition,  its  energy  density  is  determined  by  one  volume  of 
the  undetonited  charge.  However,  a  nuclear  explosion  most  create  its 
gasball  from  the  weapon  fragments  and  the  surrounding  medium.  This 
process,  known  as  radiative  transport,  is  estimated  to  end  when  the 
isothermal  sphere  has  cooled  to  a  temperature  of  about  300,000  degrees 
Kelvin.  It  follows  that  the  volume  of  the  gasball  at  this  temperature 
will  be  dependent  upon  the  medium  in  which  the  detonation  occurs 
(Reference  7).  The  amount  and  rate  of  work  dene  on  surrounding  medium 
by  the  energy  of  an  explosion  is  seriously  affected  by  the  energy  den¬ 
sity  of  that  explosion.  Tha  energy  density  factor  alone  can  lead  to 
some  of  the  difficulties  of  correlating  atomic  and  HE  explosions,  since 
their  respective  initial  energy  densities  can  differ  greatly,  possibly 
by  a  factor  of  10'.  For  nuclear  airbursts,  this  large  energy-density 
difference  manifests  itself  by  loss  of  a  large  percentage  of  total 
energy  through  radiation,  whereas  the  relatively  low- temperature  HE 
burst  loses  only  a  small  percentage  in  this  manner. 

k  nuclear  airburst  is  usually  referred  to  as  harinc  T  m~«'hanical, 
or  blast,  efficiency  of  1*0  to  50  percent  relative  to  TNT  (sc  etdiaes 
better  expressed  as  a  TNT  equivalent  of  1*0  to  50  pe*vtuw  in  mechanical 
energy).  Thi j  *-echanical  efficiency  is  somewhat  harder  to  define  for 
explosions  which  travel  through  an  interface,  such  as  i row  ground  to 
air;  but  again,  the  mechanical  effects  of  the  TNT  explosion  can  be 
considered  as  100  percent,  and  the  nucloar  effect#  can  be  evaluated  to 
give  a  TNT  equivalent. 

It  is  reasonable  to  assume  that  the  mechanical  energy  will 
increase  when  the  surrounding  medium  is  highly  opaque  to  the*Mnl 
emission,  as  in  underground  nuclear  bursts,  rather  than  when  it  is 
relatively  transparent,  as  in  airbursts.  In  either  case,  however, 
the  TOT  equivalent  does  not  account  for  the  total  energy  release. 

To  present  the  partition  of  mechanical  energy  from  an  undergroun  . 
turn  as  the  depth  of  burial  is  greatly  increased,  the  energy  appear¬ 
ing  in  the  form  of  the  crater,  ground  shock,  and  air  shock  could  be 
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plotted  as  is  shown  in  Figure  2.1.  A  most  important  point  about  this 
comparison  is  that  the  apparent  crater  does  not  turn  out  to  be  a  good 
effects  measurement,  with  respect  to  energy  partition,  as  the  depth 
i3  increased;  conversely,  the  true  crater  continues  to  indicate  work 
done  on  the  ground,  even  to  extreme  depths.  There  are  zones  beyond 
the  true-crater  which  would  be  better  for  measurement  of  work  done; 
however,  these  must  be  measurable  in  all  types  of  ?*'il  to  be  useful  — 
unfortunately,  this  is  not  the  case.  These  zones  beyonu  the  true 
crater  aro  usually  referred  to  as  rupture  zone:?.  In  order  to  measure 
the  maximum  work  done  on  the  soil,  it  may  be  reasoned  that  the  extremes 
of  this  rupture  zone  are  more  indicative  of  total  work  then  are  the 
limits  of  the  true  crater.  In  a  few  soil  types,  such  as  sand  or  the 
NTS  soil,  these  rupture  zones  cannot  be  measured  eas4!*;.  if  at  all. 

The  next  step  was  carried  out  by  the  United  Statej  Army  Engineer 
Research  and  Development  Laboratories  (USAERDL),  to  se  if  the  new 
technique  worked  well  for  charges  larger  than  those  used  at  BRL,  and 
it  was  found  to  provide  excellent  results  with  charge  m  the  200- 
pound  category.  The  problem  then  arose  as  to  tho  selection  of  the 
proper  column  material,  color,  and  configuration  for  the  TEAPOT 
crater-measurement  project,  since  this  would  be  a  one-shot  partici¬ 
pation,  with  no  chance  for  subsequent  modifications  of  techniques. 

It  was  decided  that  USAERDL  would  instrument  the  final  phase  of  the 
Stanford  Research  Institute  (SRI)  Mole  project  at  the  JANGLE  U  - 
TEAPOT  Shot  7  site  and  determine  significant  soil  factors  prior  to 
Shot  7.  Further,  information  was  desired  as  to  whether  the  apparent 
crater  at  JANGLE  U  was  also  a  true  crater,  and  whether  it  would  give 
a  direct  comparison  between  the  colored- sand- column  and  the  probing 
technique  of  true-crater  measurement. 

The  objective  was  to  establish  a  definition  of  a  true  crater 
using  sand  columns  —  not  to  validate  other  measurements,  particularly 
in  Nevada  soil  —  in  order  to  give  more  understanding  and  reliability 
to  the  Shot  7  results  and  correlation  with  the  high  exploci.vru  tests 
in  other  soil  types.  These  will  ultimately  follow  in  seething  for 
more  exact  solutions  to  the  problems  of  employment  ard  jff,cts  of 
underground  explosions. 

In  addition  to  those  current  and  long  range  problecr,  it  was 
important  to  predict  the  effects  for  Shot  7,  in  order  ♦c  properly 
plan  th*  location  of  test  strut tur»s,  basic  ine»«w» station,  and 
columns  for  Project  1.6. 

2.2  PROCEDURE 

During  the  period  lfl  October  through  li  November  195b,  the  SRI 
detonated  six  256-pound  spherical  TNT  charges  at  the  JANGLE  U  site. 

Four  of  these,  at  scaled  depths  of  0.26,  0.$0,  0.75#  and  l.G  ft/l‘.A/3, 
w*»re  instrumented  for  taking  true  crater  measurements  using  n*  io 
vertical  column*  along  one  diameter  through  gromd  aero  (including 
one  column  directly  bolow  the  charge).  The  holes  for  these  coluai*  s 
were  drilled  with  s  6- inch-diameter  auger,  ranging  in  depth  from  a 
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feet  for  the  outer  columns  to  18  feet  for  the  inner  ones.  The  column 
configurations  for  Shots  UOl,  h02,  and  kO$  are  shown  in  Figure  2.2, 
and  the  configuration  for  Shot  UOU  is  shown  in  Figure  2.3.  Tne 
column  depths  were  extended  for  Shot  hOh  because  of  the  greater  scaled 
depth  of  burial  of  the  charge. 

Two  types  of  fill  material  were  used  in  the  columns:  asphalt 
and  colored  sand.  The  strength  of  the  asphalt  columns  was  varied, 
is  was  the  amount  of  water  or  liquid  content  of  the  sand  columns. 

After  each  shot  had  been  fired  apparent  crater  measurements  were 
made.  After  plotting  this  profile,  or.©  half  of  the  crater  was 


0  **  $ 
D***  Ot  bu*«n 


Figure  2.1  Schematic  plan  of  the  partition  of  blast  energy 
frees  an  underground  explosion  between  effrvts  above  and 
below  ground. 

excavated  away  from  the  columns  using  a  drag  line  to  considerably 
enlarge  half  of  the  crater,  taking  care  not  to  disturb  their  position. 
After  excavation  by  drag  line,  hand  tools  were  used  to  uncover  the 
columns  one  at  a  tine.  As  portion#  of  the  columns  were  uncovered 
they  w»ro  surveyed,  photographed  *nd  plotted  on  a  profile  as  shewn  in 
Figures  2.1  to  2.7.  It  was  originally  planned  to  space  the  center 
columns  at  2-feet  intervals  but  this  proved  unsatisfactory  for 

16 


CONFIDENTIAL 


Figure  2.2  Preahot  column  configurations  for  Shota  U01,  h02 
and  Ij05. 


Figure  Pre shot  col\sm  configurations  for  Shot  l£h. 
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drilling  the  holes  without  interaction.  Thus  a  plan  having  spacing 
no  closer  than  '.-feet  was  adopted  and  worked  well. 


2.3  RESULTS 

The  results  of  Shots  bOl,  h02,  boh,  and  l»05  were  r itte  satisfac¬ 
tory  in  establishing  the  true  crater  and  in  developing  the  additional 
operational  technique  needed  for  the  efficient  conduct  of  Project  1.6. 
The  profiles  shown  in  Figures  2.u  to  2.7  give  the  results  obtained  by 
probing  as  well  as  the  USAEP.0L  <'olumn  data.  These  SKI  data  a.c  taken 
from  Reference  3  arid  /ary  somewhat  from  the  USAEkDL  apparent- crater 
profile  obtained  in  a  similar  manner  bit  along  a  differ-  diameter: 
that  of  the  colored  columns.  For  comparisons  with  previour  .:ita,  the 
SRI  measurements  will  be  used  for  the  apparent- crater  and  „ne  USAERDL 
measurements  for  the  true-crater. 

2.3.1  Shot  liOl.  This  shot  was  at  a  scaled  depth  o i  j  -  0.5 
and  was  instrumented  with  asphalt  colunna  to  one  side  of  ground  aero 
and  below  the  charge,  and  the  red-sand  columns  on  the  other  aide  of 
ground  aero.  The  column  positions  are  shown  in  Figure  2.2.  The  three 
outer  columns  on  each  side  wer*  approximately  2.5  inches  in  diameter. 
These  smaller- diameter  columns  were  made  by  standing  a  steel  cylinder 
in  the  center  of  the  6-inch-diametor  hole  and  alternately  adding  fill 
material  around  the  outside,  colored  material  to  the  Inside,  and 
pulling  the  steel  cylinder  from  the  hole  to  the  surface  or  the  groind. 
This  technique  was  quite  satisfactory)  however,  It  was  unnecessary  for 
the  sand  columns  because  the  colored  fill  Is  of  the  same  toll  that 
was  drilled  from  the  hole  and  strength  was  unaffected  by  adding  the 
water-base  paint  coloring  to  the  6-incb-diamster  hole. 

Coltaeis  1  and  9  showed  no  displacement  from  the  explosion. 

Columns  2  and  8  (shown  in  Figures  2.8  and  2.10  respectively)  were 
apparently  in  the  rupture  sons  of  the  crater  and  Just  beyond  tad  tree 
crater.  Column  7  (Figure  2.9)  was  not  sjwm trical  with  Colum.;  2  and 
presented  a  difficulty  In  selecting  the  beae  of  the  true  at 

this  point  due  to  the  lack  of  columns  sufficiently  close  or.  -oh  aide. 
Column  3  was  severely  ruptured  and  ejected,  with  only  a  small  section 
at  the  button  being  recovered.  This  bottom  piece  was  d*pplac*d  b>tn 
radially  and  vertically.  Columns  U  and  6  were  cleanly  sheared  off 
(Figure  2*11)  together  with  Colas  which  ^»s  mushroomed  by  the 
blast,  as  were  all  the  center  so leans  of  Ah*  subsequent  shots.  The 
tops  of  these  columa  represented  the  baee  of  th*  true  crater  profile. 
The  dip  In  the  true  crater  profile  at  Column  6  was  undoubtedly  caused 
by  belling  of  the  hole  during  drilling,  which  disturbed  this  so.*e  and 
reduced  its  shear  strength.  An  average  cross  section  obtained  by  SRI 
using  the  probing  technique  xe  also  shown  on  Figure  2.U.  It  falle 
well  below  the  true  crater  and  into  what  sd<ht  be  called  tt*  lirit 
of  the  extras  rupture  tone. 

2.3.2  Shot  402.  The  crater  from  Shot  h&2  was  more  symmetrical 
thar  to r  hbt  figure  2.5).  This  tlhot  was  at  a  scaled  depth  of 
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Figure  2.9  Column  7  of  shot  U01,  2.5 
inch  diameter,  10  feat  from  ground 
zero,  asphalt  column. 


Figure  2.3  Column  2  of  shot  Is  01,  2.5-inch  diameter,  12  feet 
from  ground  zero,  filled  with  orange-colored  aand. 


Figure  2,10  Column  8  of  shot  401,  2,5—  inch  diameter,  14 
feet  from  ground  zero,  asphalt  column. 


gure  2.11  From  left  to  right i  Column! 
C,5  and  6  of  shot  1*01.  Column  U,  orange 
colored  sand,  6-inch  4loi-ater,  L  feet 
from  ground  zeros  Columns  5  aiii  6 
asphalt,  6- inche*  ’  --'ter,  at  ground 
zero  and  6-feet  fro»  ^ro'ind  zero,  re¬ 
spectively. 
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Xc  ■  0.75  and  was  instrumented  with  sand  columns  only  in  alternate 
colors  of  yellow  and  white.  The  white  was  a  poor  selection,  since  it 
gave  very  lii tie  contract  to  the  soil  itself.  Again,  the  SRI  probe 
data  fell  below  the  USAERDL  true  crater  line,  especially  at  the  great¬ 
er  distances  from  ground  zero.  The  sand  columns  here  began  to  show 
a  superiority  over  the  asphalt  for  producing  better  records  and  also 
for  giving  a  column  strength  more  nearly  equal  to  that  of  the  surround¬ 
ing  medium,  thereby  indicating  a  more  reliable  measurement. •  On  this 
shot,  a  phenomenon  was  noticed  at  the  top  of  Column  9  (an  exposed  view 
of  this  column  is  shown  in  Figure  2.12).  The  column  was  sheared  in  a 
horizontal  plane  by  the  action  of  the  lip  fonifction^  This  I*  ft  a 
thin  line  of  colored  sand,  shown  in  diagram  in  Figure  2.12  and  by  the 
thin,  white  trace  in  line  with  the  trowel  shown  in  Fi 2.12.  This 
phenomenon  was  first  noticed  in  previous  vntfk  (Reference  ?)  and 
verified  the  idea  that  the  lip  is  formed  principally  by  horizontal 
radial  displacement  of  closer- in  material  sliding  over  th'  original 
ground  surface.  There  is  also  evidence  of  vertical  displacement  in  the 
formation  of  the  lip  as  will  be  seen  in  examination  of  TEAPOT  Shot 
7  results.  This  vertical  motion  is  caused  by  compression  in  the 
rupture  and  plastic  zones  which  causes  the  soil  nearest  the  surface 
to  move  in  the  direction  of  least  resistance  which  in  this  instance 
is  upward.  A  paste-like  sand  having  the  consistency  of  a  thick  quick¬ 
sand,  which  is  shown  in  Figure  2.13,  was  used  in  Column  3  but  proved 
unsatisfactory  because  its  added  strength  caused  bending  rather  than 
a  shearing  movement. 

2.3.3  Shot  l*0l*.  This  shot  was  at  a  scaled  depth  of  Xc  ■  1.0, 
and  the  results  were  very  similar  to  those  for  Shot  1*02,  the  crater 
having  a  slightly  larger  volume.  The  trace  material  in  the  lip  was 
again  observed, and,  in  this  instance  from  two  columns  oo  each  side, 
gave  a  clearer  indication  of  this  formation.  Asphalt  was  used  again 
on  this  tfiot  in  Columns  1  to  l*;  but  when  it  was  mixed  thin  enough  to 
form  a  suitable  column,  the  asphalt  was  nothing  more  than  a  thin 
coloring  mat  rial  which  could  be  better  done  by  the  vatwr-baeti  pa*nt. 
Figure  2.1 I*  shows  a  major  portion  of  Column  2,  which  was  outride  the 
true  crater  zone,  but  It  shows  two  well-defined  shear  plrru  within 
the  zone  of  rupture  as  well  as  a  thin  shearing  trace  at  th#  x-„p  of 
the  column  similar  to  that  indicated  In  Shot  1*02.  All  LM  columns 
for  this  shot  were  a  full  6  Inches  in  divas  ter  with  Columns  2,  2.  A 
and  9  being  extended  to  6  feet,  and  Columns  3  and  7  being  extended 
to  8  feet  to  handle  the  greater  depth  of  burial. 

2.3.1*  Shot  1*05.  This  shot  was  intense ciny  N»c*uje  it  was  at  a 
depth  (Xc  -  0.24)  nearer  the  JANOLE  U  scaled  depth  (Xc  •  0.1]*)  and 
gave  an  indication  that  there  may  be  a  trend  toward  list  different;* 
between  the  true  and  apparent  craters  as  the  scaled  deptn  is  decreased. 
Colored  sand  was  used  in  Columns  1  to  5,  and  an  asphalt-colored  sand, 
identical  with  that  used  in  Shot  1*01*,  was  used  in  the  remaining 
columns.  Figure  2.15  shows  a  broad  view  of  the  left  half  of  the  crater 
comprising  Columns  1*  to  8.  These  two  figures  used  together  with 
Figure  2.7  clearly  show  the  true  crater  tone.  Colimn  3,  shown  in 
Figure  2.17,  was  entl*el\  outside  the  true  crater  and  in  the  tone  of 
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figure  2.12  Co  loan  9  of  Shot  402,  figure  2.13  Coins*  3  of  Shot  402, 
2.5-in  diajMter,  vhi to-colored  2.5-in  dlaoeter,  white  Good 
sand,  16  feet  fron  ground  taro  oolun*  with  a  high  water  oontont 

looatod  10  foot  flras  muni  aero 
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Figure  2,16  Colunns  5  through  8  of  shot 


Figure  2.18  Colro  6  of  Shot  405 
6-in  diameter,  asphalt-colored 
•and  column,  located  4  fee t 
tram  ground  taro. 


Figure  2.17  Colmn  3  of  Shot  405, 
2.5-in  diameter,  ye ilo w-c olored 
•and  ooliam,  located  10  feet 
free  ground  aero. 
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rupture,  having  several  pmall  shear  planes.  Figure  2,18  clearly  shows 
a  major  shear  plane  3  again  located  in  the  rupture  zone  *nd  possibly 
associatea  with  a  stratified  layer  in  the  subsurface. 


2.U  DISCUSSION 

The  HE  shot  data  cannot  be  used  as  absolute  value »  for  scaling 
of  true  crater  data  for  Nevada  soil,  because  there  were  only  four 
shots  ana  one  charge  size.  However,  from  the  plot  of  the  apparent- 
crater  data  from  these  shots,  as  compared  with  those  fro*.*  previous 
MOLE  data  and  the  JANGLE  HE  data  (see  Tables  2.1  and  2*2)  it  is 
apparent  that  ail  the  charges  detonated  fully  ana  th".4  ihe  points 
for  scaled  crater  radius  fall  on  the  curve  based  on  pjr.r*ous  data. 

This  plot  is  given  in  Figure  2.19.  The  USAERDL  true* crater  data, 
as  given  in  Table  2.1  and  plotted  above  this  same  cuz\  ,  do  not 
appear  unrealistic.  They  show  a  trend  to  less  difference  between 
apparent  and  true  craters  as  the  scaled  depth  of  bur lr ■  is  decreased. 
Figures  2.20  and  2.21  show  plots  of  scaled  crater  depth  and  volume 
versus  scaled  depth  of  burial  from  the  data  in  Tables  2.1  and  2.2. 

The  data,  as  shown  in  the  plates  and  profile  plots,  might  give  a 
misleading  impression  with  regard  to  what  is  mb ant  by  the  shear  of 
seme  of  the  columns  at  various  places  below  the  indicated  true-crater 
lines.  It  is  not  felt  that  this  ehsar,  characterized  by  relatively 
small  displacement  (s^e  Figures  2.9,  2.1U,  and  2.17),  is  a  valid 
crater  measurement ,  rather  it  is  associated  with  low  soil  strength 
or  stratification  weaknesses.  Thus,  it  gives  a  measurement  with 
meaning  only  to  the  shot  configuration  and  soil  condition  for  that 
particular  charge. 

Undoubtedly,  tho  zono  previously  called  the  true  crater,  and 
found  by  probing,  is  the  extent  of  the  zone  of  complete  rupture. 

This  does  not  fit  with  tho  definition  of  the  true  crater  a.  being  that 
zone  from  which  material  was  ccarpletely  disassociated  *ruw  its 
previous  position.  The  rupture  zone  is  characterized  rv  -  ry  this 
extreme  movement,  but  rather  by  extreme  croaking  up  and  fr.  cture 
togothor  with  mch  leas  mass  notion  or  distances  of  ^uvament. 

Naturally,  this  rupture  zone  plays  a  part  in  terms  of  kinetic 
energy  cf  the  mass  of  earth  mor*d  by  the  explosion  and,  as  such,  should 
not  be  discounted  in  total-energy  evaluation.  The  future  study  of 
this  zone  will  be  required  to  obtain  a  thorough  understanding  of 
cratering  phenomena,  and  future  developments  In  instraaontation 
technique  will  undoubtedly  make  such  a  study  feasible. 

It  seems  highly  profitable,  therefore,  to  examine  the  true  crater, 
aa  do  lined  by  this  discussion^  and  the  results  of  these  HE  experiments 
to  understand  the  comparative  efficiencies  of  nuclear  energy  and  HE 
for  cratering  purposes.  Further,  it  is  felt  that  this  defin*t».o«i  should 
bj  used  in  future  cratering  experiments  in  order  to  understand  further 
the  cratering  phenomena. 
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Chopter  3 

NUCLEAR  PROGRAM 


3,1  PROCEDURE 

3.1.1  Colored  Sand  Columns.  In  preparation  for  TEAPOT  Shot  7, 
twenty* one  d-incS-dianeter  vertical  shaftt  were  drilled  along  one 
diameter  and  through  ground  zero  as  shown  in  Figure  3.1.  Tnese  holes 
varied  in  depth  from  50  to  200  feet  and  were  drilled  with  -  vsll-drill- 
ing  rig  of  the  calyx  type,  using  driller1  s  aud  as  the  mediiri  :;r 
carrying  the  cuttings  to  the  surface.  After  the  holes  were  drilled  to 
the  specified  depth  or  greater,  they  were  hailed  dry  and  inj  ected  for 
plumbneas,  diameter,  and  depth.  Then,  upn  acc*p*-»nce  of  a  hole,  it 
was  immediately  backfilled  with  the  colored-sand  adx. 

A!L  the  holes  were  drilled  to  meet  the  specifications  of  the  test 
plan,  with  the  exception  of  Holes  1  and  8,  fhich  required  re-drilling 
because  of  Bluffing,  and  Hole  11,  which  was  20  feet  short  of  200  feet. 
Hole  11  was  accepted,  however,  because  it  was  determined  that  addition¬ 
al  attempts  to  obtain  the  200- feet  depth  might  cause  the  entire  lower 
section  of  the  hole  to  collapse.  Figure  3.2  shows  the  drill  rig  over 
Hole  lb. 

After  the  21  holes  were  backfilled  with  the  colored- sand  mix, 
the  ground  was  graded  with  a  motorized  grader,  and  the  positions  of 
the  tops  of  the  columns  were  surveyed.  Specifications  for  the 
finished  columns  are  given  in  Table  3.1. 

The  sand  for  the  columns  was  mixed  with  the  water- base  paint  by 
uee  of  a  portable  cement  mixer.  Soil  from  the  test  area  ves  Arts* 
sifted  througn  a  2-inch-mesh  screen  and  then  shoveled  into  the  -sixer. 
The  bulk  water- base  paint  was  first  diluted  with  approximate ^  carve 
parts  of  water  to  one  part  paint  and  theta  slowly  injected  iz*  the 
mixer  to  obtain  a  uniform  mix.  The  required  uniformity  of  eand-to- 
paint  was  easily  obtained  by  controlling  the  number  of  of 

sand  and  gallons  of  paint  per  mixer  load.  After  thoroughly  aixing  the 
sand  and  pairt,  the  mixer  load  was  d.vaped  into  the  hole  through  a 
large  metal  funnel,  and  measurements  of  thr  height  of  fill  of  each 
load  were  taken  to  ensure  that  no  appreciable  alufilng  of  the  wmllu  or 
bridging  of  the  mix  had  occurred.  Figures  3.3  and  3.S  shew  the  mixing 
and  backfilling  operation  in  progress.  Figure  3*5  above  a  sample  oi  a 
mixer  load  being  removed  from  the  dxe*  and  preserved  in  a  glaus  jar 
for  future  reference  as  to  color  or  uniformity  of  the  entire  column. 

3.1.2  Aerial  Markers.  It  is  impossible  to  obtain  crater  ana mre- 
meets  *7  surveying  at  early  times  after  an  underground  nuclear  bwwt 
because  of  the  high  residual-contamination  field  in  and  around  the 
crater  and  lip  area.  To  overcome  this  difficulty,  eerlal  mapping 
procedures  were  used  on  Shot  7  to  obtain  early- time  profiles  of  the 
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U ifout  of  Colored  Sand  Coluane  for  Shot  7 


Filling  oolvmn  with  colored  Mod  Figure  3.5  Taking  aa*ple  of  colored  sand  mix 

nt  mixer.  during  column  filling. 


TABLE  3-1  -  SPECIFIC  An  CHS  OF  COLUMNS 


Coluan 

Jlunber 

Color 

Dletance 
froa  GZ 
(ft) 

Depth 

(ft) 

Elevation 
Top  Coluan 
(ft) 

Elevation 
Bottcn  Coluan 
(ft) 

1 

Red 

345 

54 

4290.13 

4236.13 

2 

Tclwow 

325 

49 

4269.93 

4240.93 

3 

Black 

300 

51 

4290.03 

4239.03 

4 

Red 

2 75 

51 

4290.04 

4239.04 

5 

Yellow 

250 

52 

4289.8b 

4237.06 

6 

Black 

225 

82 

4209.93 

4207.93 

7 

Red 

200 

104 

4209.95 

^ 

8 

Yellow 

170 

W 

4209.90 

4103.90 

9 

Black 

125 

163 

4290.03 

4127.03 

10 

Red 

50 

214 

4290.22 

4076.22 

u 

Yellow 

0 

206 

4216.00 

4002.00 

12 

Black 

50 

216 

4209.40 

4073.48 

13 

Fed 

120 

154 

4209.05 

4135.05 

1* 

teilow 

175 

iv>5 

4290.02 

4105.02 

15 

Black 

200 

113 

4290.51 

4177.51 

16 

Red 

225 

70 

4290.40 

4212.40 

17 

Yellow 

250 

62 

4291.00 

4229.00 

10 

Black 

275 

55 

4291.05 

4236.05 

19 

Red 

300 

64 

4291  .V 

4227.13 

20 

Yellow 

325 

60 

4290.7a 

4230.76 

21 

Black 

350 

59 

4290.  "A 

4231.04 

R 


ka 


Tala  co1  -jk>  was  drill'd  5  ft  nearer 
OS  due  to  tha  failure  of  flrat  hole 
to  aland. 


Col uk.  was  rcdriUed  5  faat  naarar 
GZ  bac.  a  drill  atai  wae  loat  In 
original  bola;  aft ar  recovery  of  aaaa, 
uni  fe*r*:v.  of  hole  had  been  destroyed. 


At  -125  ft  froa  surface,  an  object, 
which  appear*  to  be  a  large  etooe, 
protrudaa  frm  aide  of  bola  and  about 
t^lfway  into  hale. 

Thl*  eolueu  wae  redriUed  at  5  ft 
nearer  GZ  because  original  bole  waa 
not  plush. 


TABLE  3.2  -  K61TIOIO  OF  ALhIAL  MARKERS 


Ifcrker  No. 

Marker  Xlrratioe 
(ft) 

<nAnd  Level 
Slava  ti  or 

<t> 

1 

43)0.2^ 

4329.24 

2 

4329.10 

4J20.1O 

3 

429*. 4- 

4293-21 

4 

4301.96 

4300.96 

5 

4312.50 

43H.50 

6 

420J.25 

4:«?.?> 

7 

4309.05 

4300  *>5 

0 

4273.42 

4272.42 

4204.2? 

9 

4205.22 

10 

4306.57 

4305.57 

U 

4271.04 

4270.04 

12 

-^72.63 

4271.63 
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crater  and  lip.  Horizontal  and  vertical  control  for  the  aerial 
stereophotograph*  vas  obtained  by  placing  aerial  markers  in  12  positions 
about  ground  zero,  as  shown  in  Figure  3*6.  These  markers  were  construct¬ 
ed  of  reinforced  concrete  in  the  form  of  a  large  cross  (6  feet  by  6 
deet  painted  black  and  yellow),  and  after  enp  la  cement  on  the  ground 
surface  at  the  specified  horizontal  positions,  their  elevations  were 
determined  by  survey.  The  horizontal  and  vertical  positions  of  the 
^rkers  are  given  in  Table  3.2,  and  photographs  of  the  marker.,  and  the 
emplacing  techniques  are  shown  in  Figures  3.7  and  3.3. 


*1-2  RESULTS 

3.2.1  Apparent  Crater.  By  use  of  the  markers  an**  mapping 

techniques  described  in  Section  3.1.2,  a  contour  map  of  the  /.^parent 
crater  and  lip  was  obtained  from  aerial  stereophotographs  ta1-  a  at 

H  ♦  20.5  hours.  Prints  of  these  stereo  pairs,  taken  at  3,130  feet 
above  ground  surface,  are  shown  in  Figure  3.9.  The  contour  p 
obtained  from  these  photographs  is  shcnm  in  Figure  3*10,  and  four 
profiles  of  the  apparent  crater  and  lip,  running  vertically  through 
ground  zero  and  at  0,  90,  and  138  degrees  azimuth  from  true  north, 

are  given  in  Figures  3.11  through  3.1U.  Frcm  these  four  profiles  the 
dimensions  of  the  apparent  crater  were  determined  and  are  given  in 
Table  3.3.  For  purposes  of  comparison,  the  dimensions  of  the  JAN OLE  S 
7  crat ,.r'*  ****  also  riven  in  Table  3.3. 

3.2.2  Excavation  of  Sand  Columns.  Excavation  work  to  uncover 
the  colored  sand  columns  could  not  ^egin  immediately  after  the  detona¬ 
tion  of  Shot  7  because  of  the  very  high  residual- contamination  hazard. 
Periodic  checks  were  made  on  the  cantamLiatlon  level  in  the  crater  and 
on  the  surrounding  lip  area  at  intervals  of  approximately  two  months 
to  determine  when  the  area  could  be  enured  in  safety.  During  the 
summer  of  1999  these  checks  Indicated  that  decontamination  work  would 
be  necessary  if  the  excavation  were  to  proceed  during  the  calami  r 

year  1999.  Since  this  was  felt  to  be  desirable,  a  program  vas  tab  Hon¬ 

ed  to  use  land  reclamation  techniques  tc  reduce  the  radiati^  1  :.z?jrd 
surrounding  the  crater  to  reasonable  betels.  This  wr»rk  was  no*  TO- 
sponsored  and  was  conducted  by  personnel  from  USAXPD1.  It  will  be 
ported  on  in  a  report  entitled.  "Land  Reclamation  of  a  Crete*  Lip 
Area  7 sing  Earth  Koving  Equipment*,  to  be  published  in  toe  near  future. 
Since  the  major  portion  of  -he  excavation  type  work  to  be  done  in  Area 
10a  waa  concerned  with  Project  1.6,  it  was  decided  to  lump  all  similar 
work  together  under  this  project.  Towards  this  and.  Ihc  uncovering 
of  tne  permanent  displacement  monuments  under  Project  1.7,  the  uncover¬ 
ing  of  JANGLE  structures  under  Project  3*1.1,  mad  the  excavation  dowi 
to  original  ground  level  and  the  cleaning  out  of  structures  3.3/ia-l 
and  a-2  were  accomplished  as  part  of  the  overall  program. 

To  allow  this  work  to  proceed  in  orderly  fashion,  the  first  work 
done  on  Project  1.6  was  to  excavate  down  to  the  cola mt  in  the  lip. 
i.e.,  a  core  original  ground  level  on  the  south  line  (Columns  13 
through  21),  and  to  make  measurements  of  these  colssus.  The  work  on 
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Figure  1.9  Aerial  eUrophotcgra^a  of  the  Shot  ?  omt«r. 
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Figure  3.7  Precast  aerial  Marker 
being  removed  fren  truck. 


Figure  3.8  Positioning  of  aerial 
■arker  No  6. 


» « 


138° 


Project  1.6  then  proceeded  to  the  north  line  of  the  crater  where  no 
other  programs  had  structures  or  excavation  work  requirements;  In  this 
area,  work  proceeded  during  that  period  of  time  in  which  the  post-shot 
HE  program  under  Project  3.3.2  was  being  carried  out. 

The  extreme  slopes  on  the  side  of  the  crater  from  Shot  7  were  not 
predicted  from  previous  HE  work.  Therefore,  in  planning  the  excavation 
work  it  had  not  been  anticipated  that  ordinary  earth  mr/ing  equipment 
would  be  unable  to  negotiate  the  crater  sides.  A  study  of  the  proposed 
program  indicated  that  all  columns  with  the  exception  of  these  at 
ground  zero  and  50  feet  to  each  side,  i.e.,  No.  10,  11,  and  12,  would 
be  in  such  a  position  that  a  trench  could  be  dug  to  the  west  side  of 
them  allowing  them  to  be  uncovered  with  hand  tool.*,  7?*is  is  basically 
the  work  that  took  place  during  the  po;  iod  1  October  to  <  November  1955. 
After  an  estimate  of  the  difficulties  involved  in  excerpting  to  the 
center  column  was  made,  it  was  determined  to  defer  tfr*  *»  work  until  the 
spring  of  1956  to  allow  time  for  planning  a  proper  technique  and 
letting  a  contract  to  accomplish  the  job. 

The  determination  of  an  exact  point  in  space  of  some  portion  of  a 
column  was  accomplished  by  triangulation.  A  diagram  of  the  method 
used  is  shown  in  Figure  3.15.  Appendix  A  gives  the  data  obtained  by 
this  method  and  the  evaluations  and  the  distances  from  a  vertical 
center  line  through  ground  zero  of  significant  measurements.  These 
daua  have  been  plotted  as  shown  in  Figure  3.16.  (see  Figures  A.l  and 
A. 2,  Appendix  A,  for  detail  on  sand  column  movement.)  Figures  3.17 
through  3.13  give  views  of  various  stages  of  the  excavation  work  and 
of  the  individual  sand  columns. 

With  the  exceptions  of  Columns  10  and  12,  those  at  50  feet  to 
either  side  of  ground  zero,  all  the  columns  were  uncovered  and  document¬ 
ed.  The  various  depths  to  which  the  columns  were  uncovered  were 
dictated  wherever  possible  by  that  depth  at  which  it  could  be  assumed 
that  the  column  had  suffered  no  shear  or  displacement  of  ?  Tft^nituds 
of  interest  to  the  evaluation  of  the  project.  This  depth,  not  includ¬ 
ing  the  center  column,  ranged  from  several  feet  at  Coltr-it?  1  and  20 
to  about  U5  feet  below  original  ground  level  for  Coluims  and  13. 

3.2,3  Interpretation  of  Sand- Colusn  Data.  The  profile  vijw  of 
the  crater  as  shown  in  Figure  3.16  indicates  that  some  revision  of  the 
previously  defined  term  "true  crater"  may  be  in  order  so  that  the  zone 
of  aheai  evidenced  below  the  lip  receives  consideration.  It  ij  most 
likely  that  this  zone  of  damage  also  expire  fo~  smaller  HE  explosions 
but  the  dimensions  of  the  resultant  actual  disturbances  are  so  small 
as  to  go  unnoticed.  However,  this  ground  movement  can  be  both 
appreciable  and  important  for  underground  explosions  throughout  the 
range  of  nuclear  yields. 

The  top  of  Column  11,  when  uncovered,  was  128  feet  below  the 
original  ground  level,  or  61  feet  below  the  center  of  gravity  of  tho 
charge.  This  point  was  defined  previously  as  being  the  depth  of  the 
true  crater..  It  appeared  obvious  from  the  nature  of  the  excavatec  soil 
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that  all  material  directly  above  this  point  was  in  a  zone  of  complete 
dissociation  rnd  had  probably  been  ejected  from  the  crater,  but  with 
insufficient  energy  to  prevent  falling  back.  This  material  was 
characterized  by  a  much  higher  temperature  than  normal,  although  no 
exact  measurements  of  this  were  made.  Between  105  and  115  feet  below 


Figure  3.15  Method  for  determining  point  on  column. 

the  original  ground  surface,  the  resiudal  radiation  activity  dropped 
quite  rapidly  to  what  was  considered  as  only  scatter  from  above. 

Of  particular  interest  is  the  action  of  the  soil  as  evidenced  by 
Columns  9  and  13  in  the  lip.  The  end  of  the  trace  Colunn  9  extended 
outward  to  a  greater  radius  than  the  end  of  Column  3,  It  appears  that 
the  ground  movement  which  ultimately  forms  the  lip  close  In  to  the  ©age 
of  the  crater  is  a  sliding  or  shearing  movement  with  that  aa ter cal 
which  is  closer  to  the  turet  point  being  given  the  greatest  energy 
for  this  movement.  The  results  of  this  movement  are  enhanced  in  the 
vertical  direction  by  the  coepressive  action  of  the  shock  in  the 
rupture  and  plastic  zones.  This  results  in  vertical  displacement  vf 
the  soil  close  to  the  crater  since  upward  motion  presents  toe  path  of 
least  resistance  to  tho  ciapressed  soil. 

Evidence  of  the  shearing  action  in  the  soil  as  a  result  of  the 
radially  expanding  shock  is  shown  quite  clearly  in  Figures  3.30,  3.32, 
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Figure  3.16  Profile  of  Shot  7  crater  shoving  ground  novenent  as 
•easiirud  b j  sand  coltams.  For  detlal  in  shaded  zone  see 
figures  A.l  &  A. 2. 


Figure  3.18  View  of  ora  Ur  Up  looking  South  through  out. 
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Figure  3.19  Doser  working  in  Worth  lip. 


Figure  3.20  View  of  excavation  work  looking  South  through  cut. 
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Execration  work,  looking  South 
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Flfur*  3.26  Colisn  3»  4#  3 
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f  igure  3.29  Coliacn  6,  Black 
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Figure  3.36  Colucin  13,  Red  in  South  lip. 
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Figure  3.37  Column  14,  Yellow. 


Figure  3.38  Co  limn  15,  Black. 
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Figure  3.39  Coltnm  16,  Red 


3.33,  and  3.39.  This  shearing  action  should  be  looked  upon  as  being 
characteristic  of  the  particular  site  of  the  explosion  rather  than  as 
a  measurement  which  will  scale.  The  fact  that  it  does  occur  is  signi¬ 
ficant,  and  evidence  points  to  this  differential  movement  as  being 
present  in  any  nonhomogene ous  medium  such  as  soil. 

The  true  crater  dimensions  for  a  1,2-kt  buret  at  a  depth  of  67 
feet  in  a  sand-and- gravel  soil  such  as  is  found  at  the  NTS  are  given 
in  Table  3.U.  They  are  based  on  the  sand  column  measurements,  and  the 
somewhat  revised  definitions  of  the  crater  dimension  te.nns,  especially 
pertaining  to  nuclear  bursts. 

3.3  DISCUSSION 

A  most  important  consideration  in  studying  the  .moulting  crater 
from  Shot  7  should  be  the  relationship  of  these  results  to  previous 
applicable  tests,  both  HE  and  nuclear.  In  the  section  to  follow,  an 
attempt  will  be  made  to  develop  cratering  curves  ter  -  uclear  detona¬ 
tions  in  several  soil  types  and  to  discuss  the  reliabilities  of  these 
curves,  with  respect  to  variations  in  medium  as  well  as  yield.  There 
are  large  gaps  still  remaining  in  the  knowledge  concerning  underground- 
explosion  effects,  and  these  appear  to  center  about  the  problem  of 
determining  the  early- time  energy  partitioning  of  the  nuclear  explosion 
in  the  various  media.  There  is  certainly  some  radius  of  development  of 
shock  from  an  underground  explosion  at  which  the  medium  will,  disregard¬ 
ing  magnitude,  be  unable  to  tell  from  what  source  the  shock  originated. 
However,  within  this  radius  and  during  the  time  which  the  energy  is 
partitioning  itself  between  such  things  as  irreversible  heating  and  the 
change  of  energy  from  a  thermal  to  a  blast  state,  there  are  many 
unknows.  And,  when  an  air-earth  interface  is  interjected  before  such 
processes  are  completed,  it  further  complicates  the  problem.  Certainly 
there  is  a  radius  within  which  a  nuclear  explosion  in  soil  or  rock  will 
be  considerably  affected  as  to  energy  partitioning  by  the  presence  of 
an  air-oarth  interface.  And,  correspondingly,  if  the  nuclear  explosion 
were  of  small  yield  and  were  surrounded  by  a  radius  of  air  before 
en<  unto  ring  the  soil,  this  would  enter  ir.lo  the  determination  of  the 
energy  density  of  the  explosion  as  it  enters  the  wonc  sU^. 

It  has  been  shown  by  study  and  small-scale  experiments  in  two 
programs  at  the  Water**}-  Experiment  Station  thet  '-h-  cr*te;ing 
potential  of  an  explosion  is  closely  associated  with  the  energy  density 
of  the  explosive  (References  h  and  5).  These  programs  have  shown  that 
the  crater  is  smaller  when  the  energy  density  of  the  explosive  is 
higher  if  the  total  energy  release  and  the  Medium  ms  well  as  the  scaled 
depth  of  charge  (as  determined  by  total  energy  release  and  not  charge 
weight)  are  held  constant.  The  charges  used  in  these  two  programs 
were  27  pounds  of  composition  C-li  with  an  enerav  dsnsitv  of  7o0  ctl/aa? 
and  pounds  of  hO  percent  ammonia  /namite  with  an  energy  density 
of  1553  cal/ cm3. 

For  all  of  the  shots  detonated  during  these  two  programs  at  the 
Waterways  Experiment  Station,  measurements  were  taken  of  the  trus 
craters  as  defined  previously  in  this  report,  in  the  majority  of  the 
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TABLE  3.3  -  APPARENT  CRAT£1  DIMENSIJNS  GF  NUCLEAR  BURSTS  AT  NTS 


Dimension 

TEAPOT 

Shot  7 

JANGLE 

U 

JANGLE 

S 

Radi'»*  it  Original 
Ground  Level 

146  ^  2  ft 

130 

*5 

Depth  Below  Original 
Ground  Level 

90  ♦  1  ft 

53 

21 

Maximus  .dp  Height 

19  ft 

8 

... 

Kintuus  Up  Height 

7  ft 

— 

... 

Radius  to  Maximus 

Lip  Boight 

160  ft  to  175  ft 

— 

... 

Voluee 

2.b  x  10^  ft^ 

9.9  *  105 

ft3 

4450  fJ 

Depth  or  Height  to 
Center  of  Gravity 
of  Charge 

67  ft 

17  ft 

~  3-5  ft 

TABLE  3.‘i  -  TRUE  CRATER  DIMENSIONS 


Depth  below  Original  Ground  Level 

Radius  at  Original  fh-oond  Level 

Volins*  of  True  Crater  (Estimated) 

Radius  to  Significant  Rupture  (or  Shear) 
»t  Original  Ground  Level 


128  feet 
150  feet 

3.25  *  106  ft* 

250  to  275  feet 


TABLE  J.5  -  CUT  CRATER! 30  DATA  FROM  WES  EJ7LAIM3TT3  USING  27- }H  ‘U'KKRJCAL  C-A  CKtri'NS" 
Shot  Scaled 


•‘-•'er 

Depth 

Depth 

Scaled 

Radius 

Scaled 

Depth 

Scaled 

Radius 

Scaled 

ve 

(ft) 

Depth 

(ft  lb1  3) 

(ft) 

**Mue 

(rt-lbl/3) 

(ft) 

Depth 

(ft/lBl 

Trt » 

Radt  — 

(ft/lb^/3) 

EL-8 

1.0 

3.40 

1.1J 

0.6 

2.20 

... 

... 

£-13 

1.0 

4.40 

1.46 

6.7 

2.2) 

\v 

2.1' 

7-5 

2.50 

EL-18 

1.0 

'•33 

l.U 

7.3 

2.43 

7.10 

?  ./ 

7.5 

2.V 

IL-23 

1.0 

3.90 

1.30 

6.7 

223 

6.65 

2.2 52 

7.0 

234 

EL- 10 

0.5 

4.*0 

1.50 

0.6 

2.20 

5-40 

1.6, 

O.t 

2.40 

EL- It- 

0-5 

4. 

1.40 

6.4 

2.13 

550 

1.6' 

7-0 

2-3* 

EL- 20 

0.5 

4.00 

1-33 

6.8 

2.26 

5-55 

1.85 

7.5 

2.50 

EL- 33 

0.5 

4.25 

1.42 

6.1 

2.04 

5-40 

1.62 

6.5 

2.16 

5-18 

1.0 

4.70 

1.5* 

7.0 

2.33 

6.20 

2.06 

7-5 

1. 50 

ft-19 

1.0 

4.00 

1-33 

6.9 

2. 30 

6.20 

206 

7-* 

'  T 

5-20 

1.0 

4.10 

1-37 

7.0 

2.33 

6.10 

2.0’ 

7.5 

•  Refereoeee  A  and  5 
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instances  by  use  of  the  sand  column  technique.  The  soil  used  for  the 
programs  was  a  lean  clay  of  approximately  2^-percent  moisture  content. 
The  soil  conditions  throughout  the  tests  were  held  as  constant  as  was 
possible,  with  a  pronounced  effect  in  reducing  scatter  in  the  cratering 
data.  Unfortunately  for  the  present  discussion,  only  two  scaled  depths 
were  used,  0.5  and  1.0.  However,  oven  with  this  limitation,  the 
significance  of  the  findings  concerning  true  crater  depths  and  radii 
for  the  clay  soil  as  compared  with  the  MQ1£  1*00  series  shots  in  the  NTS 
soil  is  important  in  indicating  a  range  of  values  for  true  craters. 
Pertinent  data  from  these  programs  have  been  extracted  from  the  reports 
and  included  in  Table  3.5.  If  the  scaled  truc-crtter  depth  -values  as 
given  in  Table  2.1  for  the  MOLE  LOO  series  and  in  Table  3.5  for  the 
WES  programs  are  examined,  it  can  be  seen  that  for  th?  ^Iven  soil  type 
and  between  Xc  values  of  from  0,26  to  l.1/  tne  difference  between  this 
value  and  the  scaled  d*»n th  of  burial  of  the  charge  reronxns  nearly 
constant.  This  scaled  dii ltreuce  (scaled  true- crater  d  -*th  minus 
scalod  depth  of  burial)  is  an  average  value  of  0 . U3  for  the  NTS  soil 
and  1.21  for  the  WES  lean-clay  soil.  A  check  with  th.  not  7  results 
(usinc  100  percent  TNT  equivalence  for  scaling)  gives  a  value  of  0Ji5 
for  u  is  same  scaled  difference. 

The  fact  that  this  dimension  scaled  directly  with  HE  is  somewhat 
unexpected  but  can  probably  be  explained  by  the  following: 

1.  For  any  depth  of  burst  for  which  the  fireball  does  not 
vent  the  surface  of  the  ground  before  shock  breakaway,  the  distance 
from  the  center  of  gravity  of  the  charge  to  the  true  crater  depth 
should  remain  relatively  constant  for  a  given  soil  and  yield. 

2.  The  true  crater  depth  defines  a  boundary  of  a  certain 
shock  strength  and  soil  strength  difference.  This  dimension  will  be 
dependent  upon  the  shock  transmission  and  soil  strength  characteristics 
of  the  various  soil  types. 

3.  For  the  true  crater  depth,  the  effects  of  inability  to 
scale  gravity  and  medium  strength  over  a  large  range  of  yields  could 
lead  to  a  TNT  equivalent  value  considerably  higher  than  that  determined 
by  the  apparent  crater.  The  apparent  crater,  which  mor^  uixectly 
associated  with  the  kinetic  energy  imparted  to  the  medium,  'hould  be 
less  dependent  on  the  scaling  of  gravity  effects  and  ir.ni.  .  •  ui  strength;: 

Tnese  points  are  verified  to  a  certain  degree  by  ♦hr  .esulto  of 
the  ground- shock  measurements  for  Shot  7  under  Project  1.7  as  reported 
on  in  Reference  6.  The  remits  of  this  project  indicated  1  lgh*»r  earth 
acceleration 8,  particle  velocities,  earth  stress,  and  earth  strain 
than  would  be  predicted  from  the  apparent  crater  radius. 

3.3.1  Nuclear  Crater  Phenomena.  It  woe1  appear  profitable  to 
examine  in  as  much  detail  as  possible  the  physical  phenomena  of  crater- 
ing,  especially  with  regard  to  those  differences  introduced  by  the  use 
of  nuclear  devices  versus  high  explosives. 

One  basic  difference  between  these  two  is  immediately  apparent: 
the  generation  of  the  gas  ball  from  which  mechanical  work  is  ultimately 
derived.  For  the  purpose  of  discussing  this  point,  effects  beymd  one 
charge  radius  (Cj.)  will  be  assumed  independent  of  thermodynamic 
influences.  One  Cr  is  defined  for  HE  as  the  radius  of  the  inert  chrrge 
For  nuclear  device*  it  will  be  somewhere  between  the  physical  limit? 
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of  the  device  and  the  radius  of  a  charge  of  HE  of  equal  energy  release, 
or  more  exactly,  that  radius  where  the  transmission  of  energy  by  3hock 
is  faster  than  by  radiation.  The  temperature  at  which  this  transmission 
occurs  is  estimated  to  lie  300,000  Kelvin.  The  value  Cr  may  differ  for 
different  soils  or  media  and  will  not  necessarily  scale  with  yield 
according  to  Wl/3  because  of  the  mass  effects  of  the  device  itself. 

TABIi:  3.0  -  KNKKGY  DENSITY  COMPARISONS  FOR  1.2-kt 


Aarcined  Calculated 

txplo*ion  Charge  Coarmcterlatic*  Explonlon  Characteristic* 


Weight 

(lh) 

0  £. 

>  o- 

c>> 

(ft) 

Energy  >■  ■  ■  y 
at  Cr  (cal/-'. 

TEAPOT  Shot  7 
fully  tamped 
(1.2-kt) 

8,000 

16 

4.5 

1.1  x  10? 

JAJJGLE  U  In 

8,000 

16 

6(b) 

3.1  x  101* 

air  apace 

(1.2-kt) 


(a)  Cr  la  the  radlua  of  the  a  ball  when  lta  temperature  has  cooled 

to  300,000  °  K. 

(b)  Aeaualng  fireball  as  cube  shape  of  emplacement  room  approximately 
10  ft  on  side. 


Therefore,  a  1-kt  device  having  a  weight  of  8,000  pounds  could  have  a 
different  charge  radius  than  one  weighing  800  pounds  if  for  no  other 
reason  than  the  density  of  tho  boob  materials  and  the  soil  being 
different.  However,  this  effect  may  be  insignificant  for  ^ully  tamped 
bursts  since  the  densities  of  soil  and  the  HE  portions  of  the  device 
would  be  comparable. 

The  energy  densities  of  the  JANGLE  S,  JANGLE  U,  and  7 FAr  •'  Shot 
7  bursts  under  their  respective  environmental  conditions  ire  i  *  ited  in 
Table  3*6.  For  purposes  of  comparison,  Cj*  will  be  sxix—u  do  be  the 
radius  at  which  the  temperature  "f  the  fireball  is  reduced  to  XX), OC  j 
degrees  Kelvin.  Also  assuming  that,  there  is  no  electron  stripping,  and 
overlooking  the  feeding  of  radiant  e:\ergv  from  the  dense  mass  of  the 
device  to  ths  shock  wave,  a  rough  approximation  of  energy  density  can 
tie  calculated  as  follows  (Reference  7): 

T  (degrees)  - _ Total  ftiergy  Release  in  Calories  _ 

Grams  of  material  engulfed  times  specific  K>at  in 
cal/gm  degrees 

or,  for  TEAPOT  Shot  7,  temperature  at  breakthrough  of  case  would  be: 

T  .  1,?  x  1CA? _  •  1.6  x  10^  degrees  Kelvin > 

3.6  ;;  \<J>  x  0.7 
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and,  mass  (M)  of  material  in  grams  to  reduce  temperature  to  300,000 
degrees  Kelvin  vTuld  be: 

M  *  1.2  *  1012  •  ?  x  107  grams 

3  x  10$  x  0.2 

Tnerefore,  the  engulfed  material  for  the  three  burst  conditions 
listed  in^ Table  3.6  would  be,  approximately:  for  TEAPGi  Shot  7, 

1.6U  x  1C?  grams  of  soil;  and  for  JANGLE  U,  1.6U  x  10?  grams  of  air  and 
soil  (the  grams  of  material  ]9ss  the  weight  of  the  device  is  2  x  107  - 
3.6  x  10°  ■  1.6U  x  107  grams).  The  resultant  calculation*:  of  energy 
density  at  Cj.  appear  adequate  for  comparison  purposes.  Regardless 
of  the  inaccuracies  in  the  calculations,  they  indtcat'.  *nat  tamping, 
or  conversely,  air  spaces,  around  the  nuclear  device  can  **fect  the 
energy  density  to  a  significant  degree.  In  other  words,  if  JANGI£  U 
were  detonated  in  a  concrete  roan  of  approximately  1,0C  feet3  of  air 

TABLE  3.7  -  TOT  EQUIVALENTS  FOR  JANOLE  U  AND  TEAPOT  T  7 


Apparent  Crater 

Percent  TNT  Equivalent 

Ratio  of  TOT 

Dimension 

JANGLE  U 

TFAPOT 

Shot  7 

Equivalents 

Radius 

37 

21 

»  A 

Dipth 

6ti 

3? 

1.6 

space,  as  compared  with  Shot  7  which  was  carefully  tamped  with  sand 
bags  to  avoid  air  spaces,  then  Shot  7  had  an  energy  density  at  Cj.  of 
about  3.5  times  that  of  JANGLE  U.  This  information,  coupled  with 
previously  described  small-scale  HE  cratering  experiments  using 
explosives  with  an  energy  density  ratio  of  two,  gives  reason  to 
anticipate  that  Shot  7  should  have  a  lower  TNT  equivalent  for  cratering 
than  JANGLE  U.  Tne  method  for  determining  the  TNT  equivalents  for 
JANGLE  S,  JANGLE  U,  a nd  "EAPOT  Slot  7  are  shown  in  Figures  3. till  and  3.15. 
The  100  percent  points  are  the  actual  nuclear  data  scaled  c*  the  basic 
of  nuclear  yield  in  pounds  of  equivalent  TNT  energy  and  the  INT  curve 
is  scaled  from  high  explosive  data  on  the  basis  of  charge  v.ight  in 
pounds.  The  procedure  is  to  hold  the  charge  position  :d  the  crater 
dimension  constant  and  vary  the  energy  or  weight  of  charge  required 
to  produce  the  given  crater  dimension.  The  point  of  ii.Umection  of 
a  straight  line  from  the  origin,  and  passing  through  the  100  percent 
point,  with  the  TNT  curve  gives  ti:e  equivalent  sealed  TNT  charge. 
Reference  11  can  be  referred  to  for  illustration  of  this  method. 

Since  the  deeper  scaled  depth  of  burial  would  ordinarily  be  expected  to 
give  a  higher  TNT  equivalent  value  for  Shot  7,  the  lower  values  as 
shown  in  Figures  3 •  and  3.1*5  and  Table  3.7  take  on  increased  signifi¬ 
cance  as  to  the  effects  of  energy  density  on  cratering.  The  ratios  of 
the  TNT  equivalents  in  Table  3.7  are  consistent  enough  to  indicate  that 
they  are  real  differences. 

The  significance  of  the»  findings  concerning  energy  denj?  y 
effects  should  next  be  looked  at  in  terms  of  how  they  affect  the 
prediction  of  crate.lrg  effects.  Considering  that  an  air  space  around 
the  device  is  mors  significant  than  the  mass-yield  ratio  in  changing 
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the  energy  density,  it  appears  that  the  wisest  step  would  be  to 
interpret  the  data  in  terms  of  fully  tamped  charges*  Further,  until 
more  is  known  about  the  effects  of  different  mediums  on  early  time 
radiative  transport  prior  to  reaching  CL.,  the  effects  of  differing 
soil  types  on  crater  size  can  probably  best  be  detendned  by  comparisons 
of  HE  data  in  the  various  soil  types*  The  calculation  of  nuclear 
cratering  curve  a  using  HE  curves  for  various  soil s  and  the  TUT  eauiva- 
lenta  obtained  from  the  fully  tamped  conditions  of  TEAPOT  Shot  7  is 
indie*  ted  as  next  in  the  development  of  nuclear  cratering  curves  for 
use  by  the  various  military  agencies  requiring  such  Information* 
Subsequently,  if  better  values  of  TNT  equivalents  for  various  madia 
ax^e  determined,  either  by  calculation  or  experimental  observation,  these 
curves  can  be  adjusted  accordingly*  This  course  zi  ration  requires  the 
following  assumptions: 

1*  The  charge  is  fully  stormed  with  no  appreciable  air  space 
surrounding  the  charge* 

2*  When  the  charge  is  buried  at  any  depth  equal  to  or  deeper 
than  one  Cj.  for  a  TNT  charge  equal  to  the  nuclear  yield  in  pounds,  its 
TNT  equivalent  will  be  at  least  equal  to  those  obtained  for  Shot  7 
because  of  the  high  mese-to-yieM  ratio  for  that  charge*  This  scaled 
depth  is  approximately  \c  ■  0*13* 

3*  Beyond  T  for  a  given-yield  nuclear  detonation  in  a 
given  medium,  the  medium  will  be  unable  to  tell  from  what  energy 
source  the  ground  shock  originated  other  than  ae  show  by  the  velocity, 
solitude,  and  duration  of  the  shock,  sad  attenuation  of  the  shook 
beyond  C,  will  be  almost  entirely  dependent  on  the  characteristics 
of  the  medium* 

ii.  The  use  of  a  TNT  equivalent  versus  charge  position 
curves  as  given  in  Figure  3*1*6*  These  curves  are  based  on  the 
arguments  previously  presented  la  this  section  (2*2*? )* 

It  is  possible  that  a  aisrmderstandtng  of  the  alicc'e  of  energy 
density  on  TNT  equivalent  can  lead  the  reader  to  prr.^VKoee,  from 
assumption  three  above,  that  the  general  behavior  or  thermodyn*mie 
state  of  the  nuclear  gee  babble  at  C?  is  the  same  ir  for  a  high 
explosive  detonation*  Chronologically,  the  mass  of  tl«  device  and 
the  medium  immediately  outside  its  case  determine  Cj.  which  thin  deter¬ 
mine*  the  energy  density  at  ahoek  breakaway*  The  energy  density  thus 
determined  defines  such  shock  permmsters  ar  v>nalty,  material  velocity, 
end  pressure  it  breakaway*  These  initial  configurations  of  density, 
material  velocity,  end  pressure  are  subsequently  attenuated  uo  various 
degrees  by  the  shocked  medium}  however,  their  initial  values  largely 
determine  the  partitioning  of  energy  between  waste  heat  and  kinetic 
energy  at  breakaway.  Ehergy  density,  ss  used  hers,  applies  only  to 
conditions  at  breakaway,  or  Cj*.  7f  all  energy  dissipation  is  accented 
for,  Cr  for  a  nuclear  explosion  could  never  be  ae  large  as  the  charge 
radius  for  an  equal  energy  release  of  high  explosive*  Unfortunately, 
the  numerous  difficulties  of  such  exact  calculations  of  energy 
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dissipation  have  not  yet  been  overcome.  Consequently,  the  Cr  ^values 
calculated  for  JANGLE  U  and  TEAPOT  Shot  7  are  used  for  comparison 
purposes  only  and  are  considered  reliable  for  indicating  differences 
in  energy  density  at  breakaway  but  not  exact  quantities. 

3.3.?  Nuclear  Explosions  in  Various  Soils.  The  results  of  this 
project  should  be  applied  io  soils  other  ihan  those  fo-*id  in  the  NTS. 
One  of  the  best  available  compilations  of  information  on  cratering 
effects  from  HE  is  available  in  the  final  report  on  Project  MCLE. 
(Reference  8).  The  values  of  scaled  apparent- crater  radius  and  depth 


Figure  3. SO  Crater  uix*uslane  for  1-kt  c f  «ith«r  HE  or 
nuclear  In  wet  aand  soil  type. 

for  sand  and  gravel,  dry  clay,  moist  clay,  and  wrt  send  as  shown  in 
figures  8.112  and  8.113  of  Reference  6  will  be  us**,  here  with  one 
ejusrption;  that  of  apparent  crater  depth  for  sand  and  gravel,  for  wh!-h 
the  curve  xYca  Figure  2.20  of  this  report  will  be  used,  these 
cratering  curves  were  used  along  with  the  TNT  equivalent  valors  for 
f*01y  tamped  charges  from  Figure  3 .1*6  to  plot  the  nuclear-charge 
cratering  curves  given  in  Figures  3.1*7,  3.1*8,  3.1*9,  and  3.50.  the 
solid  lines  from  Figure  3.1-6  were  used  fur  the  tNT  equivalent  veil)*, 
since  as  discussed  in  SkUuu  3.5.1,  the  JAMOIZ  0  burst  cannot  be 
considered  a  true  underground  burst  because  of  its  somewhat  special 
burial  configuration.  Therefore  It  should  not  be  used  for  extrapolation 
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purposes  to  other  yields  and  soil  types.  This  is  not  meant  to  imply 
that  the  JANGLE  U  burst  configuration  might  not  be  highly  desirable 
under  certain  circumstances  in  order  to  increase  the  TNT  equivalent. 

Because  the  TNT  equivalence  of  a  subsurface  nuclear  explosion 
win  be  dependent  upon  the  energy  density  of  the  explosion  when  its 
radius  is  Cr,  it  would  be  incorrect  to  assume  that  the  TNT  equivalents 
given  in  Figure  3 .1*6  will  hold  for  all  burst  configurations.  The 
assumption  will  be  made  that  they  hold  for  fully  tamped  bursts  in  soil. 
However-  when  a  better  understanding  of  the  effects  of  energy  density 
at  shock  breakaway,  or  Cj.,  on  TNT  equivalent  is  developed,  the  weapon- 
effect  information  should  be  suitably  corrected.  In  this  way,  same 
portion  of  the  so-called  scatter  in  the  data  may  receive  itself  into 
real  differences. 

In  order  to  extend  the  cratering  curves  out  to  v.  scaled  depth 
of  burial  where  no  apparent  crater  occurs,  it  was  necessary  to  go 
beyond  the  data  available  from  the  MOLE  programs.  *  rurvey  of  the 
available  information  indicated  work  by  the  British  v  reported  in 
Reference  9)  was  probably  a  best  estimate  of  the  positions  of  the  curves 
beyond  a  scaled  depth  of  about  1.0.  This  work  was  also  in  good  agree¬ 
ment  with  the  work  in  this  country  of  a  similar  nature,  (reported  in 
Reference  10),  namely  the  use  of  penetration  bomb  explosions  of  various 
sizes  to  indicate  scaled  crater  dimensions  with  a  correction  for  various 
charge-’. ’eight  to  bomb-weight  ratios. 

The  relatively  large  difference  in  TNT  cratering  equivalent 
values  for  apparent  radius  (21  percent)  and  apparent  depth  (61*  percent) 
led  to  a  problem  in  constructing  the  nuclear  curves  in  Figures  3.1*9 
and  3.^0;  namely,  the  depth  was  a  larger  dimension  than  the  radius. 

While  it  is  reasonable  to  expect  that  this  condition  might  exist 
at  same  instant  immediately  after  the  burst,  it  would  most  certainly 
dissappear  as  a  result  of  the  natural  angle  of  repose  of  the  sides 
of  the  crater.  It  should  not  be  expected  that  this  would  ever  exceed 
one  to  one.  Therefore,  the  nuclear  depth  curves  have  be':*  reduced  in 
Figures  3*1*9  and  3.50  to  coincide  with  the  nuclear  radio*  corvee. 

This  seems  a  reasonable  reduction,  since  a  small  inerr-ic  in  crater 
radius  from  sluffing  in  of  the  crater  sides  would  produrv  a  relatively 
large  decrease  in  crater  depth. 

Regarding  the  apparent  crater  radius  curve  for  wet  eand,  tho 
effects  of  subsidence  at  the  surface  of  the  ground  for  charge  depths 
not  expected  to  give  apparent  craters  would  give  a  dish-shaped 
appearance;  however,  this  effect  has  not  been  included  in  the  curves 
of  Figures  3.50  and  3*51i* 

The  method  which  is  used  in  7K  2>200  for  predicticr.  of  apparent 
crater  sises  in  other  than  sandy  gravel  soils  (the  use  of  sail  factors) 
does  not  appear  to  be  In  any  serious  disagreement  with  the  results  of 
this  project  for  depths  of  burial  down  to  Xc  ■  0.5*  The  difference 
in  the  crater  dimensions  for  the  different  soils  is  nearly  *  constant 
between  the  surface  of  the  ground  and  scaled  depths  of  about  \c  *  0.5. 
However,  it  is  lelt  that  there  would  be  a  decided  advantage  to  the  use 
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of  separate  curves  lor  the  soil  types  on  which  good  information  is 
currently  available,  because  the  soil  factors  do  not  remain  constant 
beyond  Xc  «  0  5  and  are  not  necessarily  the  same  factor  for  HE  and 
nuclear  at  a  given  depth  value.  Therefore,  the  soil- factor  method  of 
presentation  of  crater  dimensions  in  various  soil  types  has  not  been* 
used  in  this  report.  For  the  prediction  of  true  crater  dimensions, 
the  soil  factor  as  used  in  TM  23-200  is  not  applicable. 

The  determination  of  the  true-crater  radii  and  depths  for  nuclear 
bursts  in  various  soils  are  based  on  the  discussion  from  Section  3*3; 
these  are  presented  in  Figures  j.$l,  3.52,  3.53*  and  3.£U.  It  is  felt 
that  the  sand- gravel  curves  are  the  most  reliable.  The  true  depth 
curve  for  dry  clay,  moist  clay,  and  wet  sand  are  fe?  +  tc  indicate 
slightly  small  values;  these  curves  should  be  revised  accordingly  as 
more  HE  data  using  th  ■  3and  column  techniques  become  avai>tie.  The 
method  used  in  construction  of  the  true  depth  curves  for  th:  sand- 
gravel  and  dry-clay  soils  was  to  use  a  value  of  Xc  ♦  0 .U5  Ub)V3  for 
Xc  ■  0.5,  and  to  have  the  true  depth  progressively  increa?  from  a 
val^-fi  equal  to  the  apparent  depth  at  Xc  ■  0  to  0.95  at  Xc  -  0.5.  The 
true-depth  curves  for  the  moist-clay  and  wet-sand  soils  were  construct¬ 
ed  in  the  same  manner,  using  Xc  ♦  1.0  (lb)V3  as  the  equation  for  the 
curve. 


The  use  of  soil  factors  for  crater-dimension  predictions,  such 
as  is  used  in  TM  23-200,  appear  to  be  valid  only  between  scaled  depths 
of  burial  of  from  Xc  ■  0  to  0.5,  and  only  for  apparent  craters.  It  is 
concluded  that  separate  curves  are  required  for  nuclear  true  and 
apparent  crater  dimensions  in  the  soils  examined,  especially  if  the 
results  are  given  for  depths  including  camouflet  depth. 
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Chapter  4 

CONCLUSIONS 


Considerable  progress  has  been  made  toward  developing  methods  for 
the  pr.rdiction  of  craters  from  nuclear  explosions  in  various  soil 
types.  A  number  of  areas  requireng  more  intensive  study.  However, 
the  reliability  of  crater  prediction  has  been  considerably  increased 
since  the  results  of  the  JANGLE  bursts  were  firr.t  Tvoiished.  The 
roles  which  energy  density,  energy  partitioning,  and  '^^iations  in 
soil  characteristic**  p? ay  in  determining  crater  size  are  now  more 
clearly  understood,  with  a  consequent  reduction  in  C  v*  scatter. 

From  the  tactical  point  of  view,  the  apparent  cmter  must  still 
be  reckoned  with  as  a  primary  obstacle;  its  size  &ur  shape  can  now  be 
more  reliably  predicted  such  that  neither  overdestruction  nor  failure 
to  accomplish  a  mission  will  result.  However,  it  is  the  true  crater 
and  in  particular  the  true -crater  depth  that  will  be  used  for  determina¬ 
tion  of  the  yield  and  depth  of  burial  required  for  destruction  of 
underground  installations.  It  appears  entirely  feasible  that  deep 
underground  targets  can  be  destroyed  by  a  proper  selection  of  yield  and 
depth  of  burst  giving  negligible  undesirable  surface  effects  and  maxi¬ 
mum  sub- surface  destruction. 

The  colunn  technique  has  proven  excellent  for  determination  of  the 
so-called  true-crater  dimensions  and  has  allowed  correlation  between 
HE  and  nuclear  data  for  the  few  soils  in  which  the  method  has  been  used. 

The  apparent  crater  dimensions  appear  to  be  determined  to  a  large 
degree  by  both  the  energy  density  and  the  energy  partition  of  the  explo¬ 
sion,  even  if  the  soil  type  remains  constant.  For  scaled  depths  of 
burial  of  less  than  about  0.15  (or  one  charge  radius  as  defined  in 
Section  3.3-1),  energy  partition  appears  to  play  a  acre  decisive  role 
than  energy  density  in  determining  the  TNT  equivalent  of  vhe  explosion. 
However,  if  the  explosion  id  depp  enougn  to  allow  tL„-  jj.v'ok  to  completely 
break  away  from  the  fireball  before  venting  the  air  -  r* . „u  interface, 
the  e.jergy  density  is  the  determining  factor  in  establishing  t*e  TNT 
equivalent.  Furthermore,  the  energy  density  can  b*  *ppi .ciably  affected 
by  air  spaces  surrounding  the  JANGLE  U  burst  considerably  decreased  its 
energy  density  at  the  time  it  intered  Into  the  work  phase  (or  shock 
breakawys)  and  thus  increased  its  TWT  equivalent  to  about  1.7  times 
that  lor  TEAPOT  Shot  7,  which  was  carefully  tamped  with  sand  bags.  It 
is  concluded  that  the  IW- equivalent  versus  scaled -depth-of -burst 
values  as  determined  by  Shot  7  snould  be  used  tor  predict  ion  purposes 
until  a  more  thorough  understanding  oi  tne  ei tecta  ox  air  spaces  on 
energy  density  is  developed.  Deunlteiy,  air  spaces  may  be  a  desirable 
emplacement  feature  for  maximizing  of  TNT  equivalence. 

The  sand  col  mm  data  fron  Shot  7#  when  compared  with  -hr  MOLE  400 
HE  series  and  with  Waterways  Experiment  Station  results  in  clay,  indi¬ 
cate  that  for  depths  of  burial  greater  than  one  charge  radius  th< 
distance  from  the  burst  point  to  the  depth  of  the  true  crater  remains 
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essentially  constant,  dependent  only  on  the  yield  and  the  soil  charac¬ 
teristics.  The  results  indicate  that  the  true  crater  is  primarily 
dependent  on  the  shock  transmission  characteristics  of  the  soil;  where¬ 
as  the  difference  betveen  the  apparent  and  true  craters  is  determined 
by  the  kinetic  energy  imparted  to  the  soil  within  the  true  crater  volume. 
Thus,  as  the  charge  depth  of  burial  increases,  the  depth  of  the  true 
crater  increases  by  this  same  amount;  but  the  depth  of  the  apparent 
crater  decreases  because  of  insufficennt  energy  for  throw  o-.c  of  the 
material. 

The  difference  between  the  true  and  apparent  cratc-r  radii  »it  the 
original  ground  surface  is  small  for  scaled  depths  of  burial  down  to 
0.75  or  1.0.  But  bcio w  these  scaled  depths  it  is  felt  tfcr.t  the  true 
crater  radius  remains  a  relatively  constant  value  until  cam'T'.  flat 
depth  is  reached. 

No  apparent  crater  will  result  for  scaled  depths  of  burial  greater 
than  about  2.0  to  2.5  for  nuclear  bursts  which  are  fully  ts-oed.  This 
value  will  be  increased  somewhat  for  energy  densities  lover  than  that 
for  Shot  7,  but  should  not  exceed  a  scaled  depth  of  3*0  to  3*5* 

Camouflet  depth  should  be  relatively  independent  of  soil  type 
except  for  differences  in  soil  density,  since  the  apparent  crater  (or 
lack  of  it  in  this  instance)  depends  primarily  on  the  capability  of 
the  available  energy  for  throvout  to  heave  cliar  the  soil  mass  over 
the  charge. 
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